We have measured the ion yields for helium and neon ionized by 120 femtosecond, 614 nanometer laser pulses with intensities up to 1016 watts per square centimeter. We have found that the He II and Ne II data exhibit features incompatible with standard nonresonant sequential ionization. These features reduce the usefulness of optical field ionization for monitoring laser intensity. For the experiment, we expect dynamic resonances to have little effect on the ionization, and we attribute the features to nonsequential ionization based on the simultaneous saturation of the features and the singly ionized charge states.
MONITORING INTENSITY BY OPTICAL FIELD IONIZATION
New developments in laser technology have made focused field amplitudes of 1 atomic unit or more (1 atomic unit of field = 5. 14x iO volts per centimeter) and pulse lengths near 100 femtoseconds routinely available. Optical field ionization (OH) offers a straight forward way of monitoring the intensity of such pulses-if the ionization is sequential and nonresonant. A complete understanding of field ionization is also fundamental to the study of plasmas produced by intense ultra-short laser pulses.
Optical Field or Tunneling Ionization
In the study of optical field ionization of atoms and ions, using ultra-short pulses with high intensity isolates field, or tunneling, ionization from conventional multiphoton ionization. The well-known Keldysh adiabaticity parameter1 y, distinguishes tunnel ionization from conventional multiphoton ionization. Tunneling dominates for the case: 1/2 y=(E0/2u) <<i (1) Here E0 is the ionization potential of the atom or ion being ionized and Up is the pondermotive potential from the laser field. While the condition y< 1 does not strictly define the tunneling regime2, tunneling models are generally predictive in this regime to within intensity uncertainties inherent in typical ultra-short pulse laser ionization experiments35. In this experiment y varies from 0.4 to 1.0, and the ionization occurs by tunneling.
Sequential Ionization
In standard sequential ionization, the ionization proceeds sequentially with the most loosely bound electron ionizing from the ground state of the atom or ion followed by the ionization of next most loosely bound electron from the ground state of the surviving ion. The ionization obeys the rate equations: Figure 1 . The predicted ion yields for three different ionization models. The differences in the yields are within the uncertainty in intensity for most ultra-short pulse experiments dp0 r 1 oPo L=r1p1+r0p0 .L_r2p2+r1p1 (2) =±rfl_jpj.
Here p1 is the probability that the atom is in the ith charge state, and F1 is the atomic ionization rate. Figure 1 shows theion yields predicted for 120 femtosecond hyperbolic-secant squared pulses for three different ionization models. For the calculations the Gaussian beam focus is 4.5im full-width-at-half-maximum. The models used are a single-active-electron numerical solution to the Schrodinger equation (SAE)6, the simple tunneling model7 and the Ammosov, Delone and Krainov (ADK) model for tunneling in a complex atom8' .The similarity between the yields predicted by the three models is due to the sequential nature of the rate equations. Indeed for tunneling processes the shape of the ion yield curves is characteristic with an initially strong dependence on intensity rolling off with ionization saturation of the focal volume10. To within thirty percent uncertainty in intensity, which is within the uncertainty generally obtainable in short pulse experiments, the three models predict the same ion yields. Thus the appearance intensities are numerically well defined for the purpose of monitoring intensity. Figure 2 illustrates the basic scheme for monitoring intensity by optical field ionization. The experimenter measures the number of ions, Nape produced for given laser conditions. The appearance intensity, 'ap. at which Nap ions appear then sets the intensity scale for the experiment. Using appearance 4 intensity to monitor peak intensity has advantages. First, as 10 noted before in Figure 1 , for a given ion yield, the sequential ionization rate equations predict very similar intensities for many tunneling models. And second the appearance intensity of an ion is only a weak function of the appearance 1 0 number chosen, of the pulse width and of the density. For the ADK model, the appearance intensity in atomic units for observing Nap of the k+1 ion is
Ek is the ionization potential of the k charge state, is the full-width-at-half-maximum pulse length, p is the initial atomic density, and K is a constant dependent on the initial quantum state of the electron. V0 is the characteristic ionization volume for a Gaussian beam: 1014
Here w is the l/e2 radius of the beam and ) is the Figure 2 The intensity monitoring scheme relies on wavelength. The appearance intensity depends on Na ' ' measuring the intensity at which a specific and p only in the logarithm. This weak dependence maes number, Nap, of ions is detected.
the method for monitoring intensity easy to apply.
EXPERIMENT
The laser used in this work is a colliding-pulse mode-locked dye laser that produces 2 millijoule pulses at 614 nanometers.
An off-axis parabolic mirror focuses the beam to a 1 .5 times diffraction limited full-width at half maximum of 4.5
micrometers. The energy of the laser pulse is measured on every laser shot using the reflection from a beam splitter, and single shot autocorrelations agree with a 120 femtosecond hyperbolic secant-squared temporal profile. We determine the intensity scale from the pulse energy, pulse width and numerical integration of the spatial profile at the focus. The absolute uncertainty in the intensity is a factor of 2. The ions produced in the focus are counted using a 1-meter ion time-of-flight tube with resolution sufficient to resolve doubly ionized helium and singly ionized molecular hydrogen. For each charge state, a computer bins and averages 8 to 12 thousand shots. The target gas pressures are from iO to iO Pa, and the background pressure is below 106 Pa Figures 3 and 4 show the measured ion yields for helium and neon, respectively, plotted versus the measured intensity. The data is unshifted. The predictions of the ADK model are plotted for comparison. The agreement between the experiment and theory is excellent except for the lower intensity data for He II and Ne II which show strong ionization features incompatible with nonresonant sequential ionization. Insufficient data was obtained for Ne III, and the scatter in the data at the lower intensities makes identifying any feature uncertain. Using such data as a monitor of intensity is still possible; however the choice of Nap is very important. In Figure 5 we plot the ADK predictions for the appearance intensities versus the measured appearance intensities for Nap=15. The solid line indicates exact agreement, and the dashed line indicates agreement with a factor of 1.2 shift down in the intensity scale of the data. The shift is within the 25 percent relative intensity uncertainty between charge states indicated by the error bars. Figures 6 and 7 show the data shifted down in intensity by a factor of 1.2 and the ADK model predictions. The agreement between the data and theory, excluding the features in He II and Ne II, is excellent. If the data were plotted versus pulse energy instead of intensity such a comparison between predicted appearance intensity and measured appearance energy would still find the intensity with reasonable accuracy. However, if such a comparison were based solely on the He II and Ne II yields below the 10 ion level , the intensity scale would be off by a factor of 2 to 3. Thus optical field ionization may be used to monitor intensity, but much more knowledge of the ionization is required than one predicts from the nonresonant sequential rate equations. 0 0
RESONANCES
We are left with the question of what causes the features in the He II and Ne II ion yields. One possible explanation for the features is resonance effects. In the standard multiphoton ionization picture, if an energy level is dynamically shifted into resonance, the ionization rate increases which could result in the kinds of features rv1 . For this intensity and pulse width regime, we do not expect resonances to be important for several reasons. First, the ion yields for He II predicted by the SAE model show no evidence of any resonances. Since the SAE model is a numerical solution of the SchrOdinger equation that treats one electron as active and the rest as an effective potential, the model should show any single electron resonances. Second, the double electron resonances in helium are 40 eV above the ionization potential and are unlikely to be the cause of the features. Finally, using the arguments of Chin et al. 12 we can calculate the dephasing time of a dynamic resonance. For this experiment, the resonance should dephase in less than 5 femtoseconds, and a resonance lasting less than three optical cycles should have little effect on the final ion yield.
NONSEQUENTIAL IONIZATION
In the data the feature in the He II ion yield saturates in parallel with He lion yield. This is indicative of nonsequential ionization. In a previous paper13, we proposed a nonsequential mechanism to explain the discrepancy between the He II data and the sequential prediction. In this mechanism, the first electron leaves the atom so quickly, either by tunneling or over- Intensity (W/cn) the-barrier escape, that the second electron has a substantial probability of being left in an excited state of the He I ion which is then immediately ionized. We implemented the mechanism in an ad hoc manner by modifying the rate equations to include a direct ionization channel that turns on at some critical intensity. We showed that a nonsequential term will reproduce the features with only one adjustable parameter. The idea of a direct process for ionization has also been proposed to explain data taken at longer pulse widths and different frequencies1416. The model predicts that for helium the same critical intensity that produces an observable feature for 100 femtosecond pulses will make no observable difference in the ion yields for 1 picosecond pulses.
CONCLUSION
In conclusion, we have found enhancement features in the He II and Ne II ion yields. The features make monitoring laser intensity by optical field ionization more difficult than expected for nonresonant sequential ionization. The saturation in parallel of the He I ion yield and the feature in the He II ion yield and of the Ne I ion yield and thefeature in the Ne II ion yield indicate that nonsequential ionization plays an important role in the ionization. A complete understanding of these effects will require more experiments studying the polarization dependence, electron energies and wavelength dependence. Understanding nonsequential effects may be critical for the study of plasmas produced by short pulse lasers.
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